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Abstract 
For a demonstration site realized within the European project InSun, we present the monitoring results of a solar thermal field 
providing process heat for a meat factory. The field uses flat plate collectors, with an overall gross area of 1070 m2. The 
generated heat is used to provide hot water at two temperature levels in the low-medium range (55–90 °C). The paper focuses on 
the performance analysis of the solar field, by comparing the measured field efficiency with the nominal collector efficiency and 
pointing out transient effects. To this purpose, a bin method approach is applied to the detailed analysis of one month (July 
2014). Finally, the medium-term performance is investigated analyzing data from three consecutive summers, showing a stable 
efficiency with no evidence of performance decay. 
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1. Introduction 
Assessing the field performance of solar collectors is still considered an important topic in the renewable energy 
community. While laboratory tests of single collectors have reached a good level of reliability, the behaviour of large 
installations of collectors has not yet been widely documented. This is a crucial step to increase the market 
confidence towards this technology. 
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Within the InSun project – a project funded within EU’s Seventh Framework Programme for Research – this task 
was tackled in the context of process heat. The application of solar collectors in the industrial field is indeed 
considered of high interest. In fact, on the one hand manufacturing contributes significantly to the overall heat 
demand, and on the other hand a large fraction of industrial processes exploit heat at low-medium temperatures 
[1,2], where the integration of solar collectors is possible. To this purpose, the InSun project considered different 
industrial applications (meat manufacturing and brick manufacturing) and different collector types (flat plate 
collectors and concentrating collectors). 
In this paper, the demonstration case of the company Fleischwaren Berger Gmbh is described. Here, a flat plate 
solar field with a net area of 990 m2 (gross area of 1070 m2) was installed by the company SOLID to provide part of 
the heat used in the meat manufacturing processes [3,4]. The solar field supplies hot water which is used in two 
processes, one directly based on hot water at about 55 °C and the other based on steam, where the solar contribution 
is used to prepare make-up water at a temperature of about 90 °C.  The purpose of this paper is to focus on the 
performance of the installed solar field, analysing the behaviour of the collectors in a real installation. The measured 
efficiencies are compared with the nominal efficiencies obtained from laboratory tests on single collectors, carried 
out according to the existing standards [5,6]. In this way, it is possible to assess the reliability of a large installation 
in continuous operation for a long time (more than two years of data are available) and to identify the effects of 
transient phases given by the daily operation of the field. 
The paper is organized as follows. A section about nominal efficiency describes the models used for the 
comparison with the measured data. Then a section concerning monitoring results and performance evaluation is 
provided, describing details about the used data, the applied bin method analysis, and the investigation about the 
medium-term behaviour. Finally, a short summary is presented in the conclusions. 
 
Nomenclature 
ۃ ௙ܶۄ   Average fluid temperature within collectors 
௔ܶ௠௕   Ambient temperature 
ܶכ   Reduced temperature 
௧ܲ௛   Output thermal power from solar field 
ߟ   Field efficiency 
ߟ௦௧ǡଵ, ߟ௦௧ǡଶ   Stationary linear and quadratic efficiencies 
ߟ௤ௗ    Quasi-dynamic efficiency 
ߟ଴ǡ௦௧, ߟ଴ǡ௤ௗ  Optical efficiencies for stationary and quasi-dynamic models 
ܣ௔   Aperture area 
ܽଵ, ܽଶ   Linear and quadratic coefficients for stationary efficiency 
ܽ஼   Capacity coefficient for quasi-dynamic efficiency 
ܩ்   Global irradiance on the tilted plane of the collectors  
ܩ௕ǡ், ܩௗǡ்  Beam and diffuse irradiance on the tilted plane of the collectors  
ܭ௕, ܭௗ   Incident angle modifiers for beam and diffuse irradiance 
ܾ଴   Experimental parameter for ܭ௕ 
DNI, GHI  Direct normal irradiance and global horizontal irradiance 
௣݂௥௢௝   Projection factor between tilted and horizontal global irradiance 
ௗ݂   Diffuse fraction 
ߩ   Albedo 
ܴௗ, ܴ௥   Transposition factors for diffuse and ground reflected irradiance 
ߠ௦௖   Incidence angle of the sun on the collectors 
ߠ௦   Solar zenith angle 
ߠ௖, ߶௖   Collector tilt and azimuth angles 
SOLID, WS, ܿ݋ݎݎ Subscripts to identify different values of GHI 
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2. Nominal efficiency 
Procedures for the testing of single collectors are well defined in the standard EN 12975:2006 [5] and in the more 
recent EN ISO 9806:2013 [6]. These standards include a discussion about different terms contributing to the 
collector efficiency, which can be measured in different ways. 
For flat plate collectors, the output thermal power ௧ܲ௛ is mainly determined by the optical efficiency and by 
thermal losses. Efficiency is defined as the ratio between the thermal power and the incident solar power, given by 
the global irradiance on the collector plane, ܩ், times the aperture area, ܣ௔: 
ߟ ൌ ௧ܲ௛
ܩ்ܣ௔
Ǥ 
Assuming a linear model for thermal losses one gets a first approximation for the efficiency, as 
ߟ௦௧ǡଵ ൌ ߟ଴ǡ௦௧ െ ܽଵܶכǡ 
where the reduced temperature is defined as ܶכ ൌ ൫ۃ ௙ܶۄ െ ௔ܶ௠௕൯ ܩ்Τ  and the other variables are defined in the table 
above. A more precise approximation is obtained adding a quadratic term with respect to temperature 
ߟ௦௧ǡଶ ൌ ߟ଴ǡ௦௧ െ ܽଵܶכ െ ܽଶܶכ
ଶܩ்Ǥ 
Both of these approximations can represent well the stationary behaviour of a collector, where the operating 
parameters are stable. In the presence of transient phases, temperature variations affect the output power through the 
thermal capacity of the system. Moreover, the optical efficiency cannot be considered perfectly constant, as it 
depends on the incident angle of the sun on the collector. To capture these effects, a quasi-dynamic model is 
typically introduced, here defined as 
ߟ௤ௗ ൌ ߟ଴ǡ௤ௗ
ܭ௕ሺߠ௦௖ሻܩ௕ǡ் ൅ ܭௗܩௗǡ்
ܩ்
െ ܽଵܶכ െ ܽଶܶכଶܩ் െ
ܽ஼
ܩ்

ۃ ௙ܶۄ
ݐ
ǡ 
where ܭ௕ሺߠ௦௖ሻ ൌ ͳ െ ܾ଴ሺͳȀ  ߠ௦௖ െ ͳሻ is the incidence angle modifier for beam radiation. The direct irradiance 
on the plane of the collectors can be calculated as ܩ௕ǡ் ൌ  ڄ  ߠ௦௖. 
For the collectors installed at Berger, it was possible to obtain these coefficients from the tests performed by the 
Austrian Institute of Technology. One has (in SI units) ߟ଴ǡ௦௧ = 0.811, ߟ଴ǡ௤ௗ = 0.813, ܽଵ = 2.710, ܽଶ = 0.010, ܽ஼ = 
7050, ܾ଴ = 0.08997. These coefficients were obtained for collectors built with the same materials of those used at 
Berger, but with a slightly different casing and internal hydraulics (due to the different module size). In particular, 
the thermal capacity was not measured experimentally, but calculated in a simplified way – based on the type and 
weight of the used materials – and it is expected to be a rough estimate for the installed collectors. 
The obtained nominal efficiency models were obtained for single collectors. When measuring the performances 
of an entire field, additional factors come into play. Some possible effects are given by thermal losses in connection 
pipes, accumulation of dust, and increased thermal losses due to strong wind, which all reduce the system 
performance. The comparison presented below is therefore important to assess the reliability of nominal estimates 
with respect to field installations. 
3. Monitoring results and performance evaluation 
The monitored data span a time frame of more than two years, with values recorded minute by minute. Several 
operating parameters are monitored. Indeed, the field consists of seven subfields in parallel, as described in previous 
works on this project [3,4]. Here, we focus on the output thermal power measured at the main heat exchanger 
between the field and the rest of the system (including a storage tank whose thermal losses are not considered here). 
Globally, the length of the connection pipes used in the solar field is about 190 m. An analytical estimate of thermal 
losses showed that, for a typical summer day, they should be of the order of 1 % of the peak power of the field. 
The nominal uncertainty of the used sensors was discussed in detail in Ref. [4]. For thermal power, one has a 
nominal uncertainty of about 3 %. The nominal uncertainty of the pyranometer used to measure the global irradiance 
on the tilted collector plane is about 5 %. However, as explained in the following subsection, it was realized that this 
sensor yields anomalous readings. Using data acquired by a nearby weather station, a correction was applied to 
sensor readings (see below). However, due to the large number of assumptions used to estimate the required 
correction, it is reasonable to assume an increased uncertainty for the data about irradiance, which we estimate to be 
of the order of 10 %. 
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3.1. Original data and solar irradiance correction 
An initial comparison between the measured data and the nominal collector performance showed a significant 
difference, with a field efficiency 20-25 % less than expected [4]. An investigation about this discrepancy was then 
carried out. After excluding a series of effects, it was decided to focus on the behaviour of the solar sensor. To this 
purpose, the data from a nearby weather station were acquired, namely the Kreuth weather station. This station 
provides the global horizontal irradiance, so that in order to carry out a comparison it is necessary to transpose the 
measurement on the tilted plane to the horizontal one. The following relation was used [7] 
ܩ் ൌ 
 ڄ ௣݂௥௢௝ ൌ 
 ڄ ൤ሺͳ െ ௗ݂ሻ
 ߠ௦௖
 ߠ௦
൅ ௗ݂ܴௗ ൅ ߩܴ௥൨ǡ 
where the projection factor ௣݂௥௢௝  depends on the diffuse fraction ௗ݂ , on the transposition factor for diffused 
irradiance ܴௗ ൌ ሺͳ ൅  ߠ௖ሻȀʹ, on the transposition factor for ground reflected irradiance ܴ௥ ൌ ሺͳ െ  ߠ௖ሻȀʹ, 
and on solar angles. These factors are related to the view angles of the collectors with respect to the hemispherical 
irradiance. For the Berger field, the collectors have a tilt angle ߠ௖ = 40° and an azimuth angle ߶௖ = –10°. In order to 
apply this formula, the diffuse fraction and the albedo have to be known. The diffuse fraction for typical summer 
days was estimated to be of the order of 20 % and an albedo value of ߩ = 0.2 was assumed [7]. 
With the above equation, it was possible to convert the readings of the Berger sensor into an estimate of the GHI. 
Then, these values were compared with the values of the weather station, 
୛ୗ, for a few days. The result is shown 
in Fig. 1 for three days, two days taken from summer 2014 and one day taken from summer 2015. Only GHI values 
above about 400 W/m2 are considered, as the values below this threshold are expected to be related to a higher 
diffuse fraction than that used in the transformation from the tilted to the horizontal irradiance. It is possible to see 
that the Solid sensor tends to overestimate the irradiance, with a deviation which is non-linear and higher at larger 
values. 
Fitting the data of Fig. 1, it was possible to estimate a correction to be applied to the Berger data. A function of 
the form 
௖௢௥௥ ൌ ܽ ڄ 
ୗ୓୐୍ୈଶ ൅ ܾ ڄ 
ୗ୓୐୍ୈ was used. No constant term was included as no offset was observed 
in the sensor at night. The best coefficients were found to be ܽ = – 3.3883 ڄ 10-4, ܾ = 1.1518. Finally, this correction 
was transferred to the global irradiance on the tilted plane, yielding 
ܩ்ǡ௖௢௥௥ ൌ ܽ
ܩ்ǡୗ୓୐୍ୈଶ
௣݂௥௢௝
൅ ܾܩ்ǡୗ୓୐୍ୈǤ 
 
Fig. 1. Left panel: comparison between the GHI estimated from the Berger sensor and the GHI measured at the Kreuth weather station. The 
GHI for Berger is estimated assuming a diffuse fraction of 20 %. Three days of data are considered: 9th June 2014 (black triangles), 4th July 
2014 (red crosses), and 3rd July 2015 (blue circles). Right panel: comparison between 
ୗ୓୐୍ୈ (black dashed curve), 
୛ୗ (red dotted 
line), and 
௖௢௥௥ (blue solid line) for July 4th, 2014. 
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As mentioned above, some assumptions are involved in this comparison. Several sources of error could then be 
present, in particular those related to: 
- Location of the two sensors 
- Uncertainty in the weather station sensor 
- Value of the diffuse fraction 
- Value of the albedo 
- Orientation of the collectors 
Concerning the different location of the compared sensors, they are rather close. The Berger factory is located at 
the geographical coordinates 48° 15’ N 16° 01’ E, with an elevation of 205 m, while the Kreuth weather station is 
located at 48° 14’ N and 16° 00’ E, with an elevation of 260 m, corresponding to a distance of less than 2 km from 
the Berger factory. Moreover, only clear-sky days were selected for the comparison, in order to minimize possible 
time differences in the effect of cloud coverage. 
As far as the uncertainty of the weather station sensor is concerned, it was possible to compare the Kreuth data 
with data obtained from the website Weather Analytics, measured at a distance of about 10 km from Kreuth. For 
clear-sky days, a difference of the order of about 5 % was typically observed at peak conditions. 
Concerning the diffuse fraction, the used value was again validated with regional data from Weather Analytics, 
where values of 15 % appeared for clear-sky days around noon. It was however decided to use a slightly larger 
fraction (20 %) in order to take into account the different parts of the day. 
Concerning albedo, as ܴ௥ ؄ ͲǤͳ, errors in the value of ߩ cannot change significantly the result. 
For diffuse fraction and collector orientation, a simplified sensitivity analysis was carried out, varying slightly the 
used values to check the stability of the results. It was found that for ௗ݂ = 15 %  - 25 % and ߠ௖ = 35° - 45° the 
difference between 
ୗ୓୐୍ୈ and 
୛ୗ always remained of the order of 20 % at peak conditions. 
Other effects affecting the comparison between sensors were found to be weather conditions and seasonality. 
During days with quick variations in the value of irradiance, the Berger sensor was found to exhibit a larger error. 
Moreover, during months from other seasons (autumn data were analysed) the correction to be applied was found to 
be different (larger). For this reason, the following analysis will be restricted to the one month only, namely July 
2014. 
Fig. 2. Solar irradiance and operating conditions in the solar field during a typical clear-sky summer day (July 4th, 2014) at the Berger site 
(data averaged every 10 minutes). Left panel: corrected global irradiance on the collector plane, ܩ்ǡ௖௢௥௥ (red dashed line) and specific 
thermal power output from the field, ௧ܲ௛Ȁܣ௔ (black dotted line). Right panel: volumetric flow rate (blue solid line) and average temperature 
ۃ ௙ܶۄ  (red dashed line) in the solar field. Vertical bars mark the starting/stopping of full pump operation. 
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3.2. Bin method analysis 
The variable nature of the solar source makes it impossible to have a fully stationary behaviour in thermal 
collectors. Looking at the daily evolution of the operating conditions, one can identify different operating phases, 
with transient effects of different strength. This is represented in Fig. 2, where the profiles of the solar irradiance as 
well as of thermal power, temperature, and flow rate are shown. Three main phases can be distinguished: (i) a 
starting phase, where the field is pre-heating and the hydraulic pump is modulating the flow in order to quickly 
reach the target temperature, (ii) a quasi-stationary phase, where the flow rate is stable (pump operating at 100 %) 
and the temperature has reduced variations, and (iii) a stopping phase, where the temperature drops and the flow rate 
is progressively turned off. 
During these phases, the efficiency changes correspondingly. Its behaviour, together with the evolution of 
reduced temperature, is shown in Fig. 3. While during the central part of the day (quasi-stationary phase) the 
efficiency is expected to be well described by the stationary models described in section 2, during the strongly 
transient phases taking place at the beginning and at the end of the day significant deviations from these models are 
expected. Here, the quasi-dynamic model can be used, though in our case the large uncertainty affecting the 
capacitive term has to be recalled. 
Since the main control parameter is given by the reduced temperature – capturing the dominant effect related to 
thermal losses – it is hence useful to apply a bin method analysis [8] as a function of this variable. To this purpose, 
the reduced temperature is subdivided into consecutive intervals (bins), where the average system behaviour is 
analysed. The bin method provides results which can be extrapolated to different conditions. When applied to an 
entire field, it yields an efficiency estimate which includes effects not taken into account by the collector models. 
Moreover, if applied to the entire data set, it includes the transient effects neglected in the stationary curves. With 
respect to the quasi-dynamic model it offers a less precise description, but it is simpler to apply when extrapolating 
to new applications. 
In order to compare with the analytical models, it is useful to initially restrict the analysis to the quasi-stationary 
phase. Hence, we first apply the bin method only to the data where the hydraulic pump operates at 100 %. 
Moreover, in order to show the effect of the correction applied to the irradiance sensor, we show both the bin 
method applied to the original and to the corrected data, presented in Fig. 4. 
It is possible to see that for the original data there is a large discrepancy between measured and nominal 
efficiencies. On the other hand, after applying the correction, the agreement is very good. In particular, one can see 
that the bin averages obtained for the experimental data almost overlap with the bin averages obtained for the quasi-
dynamic model. Also the trend of the data is different: for the original data the bin averages are less dependent on 
the reduced temperature than for the corrected data and for the nominal values. This is due to the non-linear 
Fig. 3. Efficiency and reduced temperature for the solar field during a typical clear-sky summer day (July 4th, 2014) at the Berger site (data 
averaged every 10 minutes). Left panel: efficiency. Right panel: reduced temperature.
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deviation of the irradiance sensor, shown in Fig. 1. Concerning the comparison between the corrected measured data 
and the quasi-dynamic model there is only one aspect where a significant difference can be found, i.e., the spreading 
of the points, summarized by the bars corresponding to the standard deviation within each bin. This is expected to be 
related to the underestimated nominal capacity. By increasing the capacitive term from the nominal value of 7050 to 
about 10000 (in SI units), a better qualitative agreement is obtained. The general picture emerging here is similar to 
the analysis presented in Refs. [9,10]. 
As mentioned, the above analysis was restricted to the quasi-stationary phase. When only these points are 
considered, transient effects are not very significant and the advantage of going beyond the stationary efficiency 
model is limited. However, the picture changes when extending the bin method analysis to the entire set of data, 
without filtering according to pump operation. Now, the strongly transient phases corresponding to field 
starting/stopping are included. The result is shown in Fig. 5. It is possible to see how the bin averages of the 
(corrected) measured data are now significantly lower and hence more distant from the stationary linear curve. 
Besides the dense cloud of points at high efficiency, a second region of dense point appears at lower efficiencies, 
corresponding to the transient phases mentoined above. In the right panel of the figure, the point density is shown as 
a function of the efficiency for a restricted interval of reduced temperatures. The two dense regions appearing in the 
left panel correspond to the two peaks visible in the right panel. 
By using the bin averages obtained with this type of analysis, it is possible to incorporate transient effects in 
efficiency estimates without the need of detailed models or simulations, yielding a simple approach to go beyond the 
stationary approximation. 
3.3. Medium-term behaviour 
A last topic analysed here concerns the medium-term behaviour of the collectors. This is an important point to 
increase market confidence in this technology. While ageing effects need a longer time frame to be estimated in a 
detailed way, having data spanning three consecutive summers makes it possible to provide a first assessment about 
the performance stability of the system. Hence, a comparison between data from August 2013, 2014, and 2015 was 
carried out. The result is shown in Fig. 6, where the bin method is applied to the three months for the quasi-
stationary phase (i.e., only data corresponding to full pump operation are included). The corrected irradiance is 
considered. It is possible to see that the bin averages overlap very well, showing no evidence for any change in the 
collector performance. The different spreading of the points corresponding to the different years is due to the 
 
Fig. 4. Bin method applied to the data of July 2014 with filtering. Left panel: original irradiance data. Right panel: corrected irradiance data. 
In both panels, a comparison between the experimental data, the quasi-dynamic model, and stationary linear stationary model is shown. 
Black crosses: experimental data (filtered by pump speed, 10 minutes averages). Red diamonds and bars: bin averages of experimental data 
and corresponding standard deviations. Grey circles: points obtained applying the quasi-dynamic model to the considered experimental data. 
Blue squares and bars: bin averages of points obtained from quasi-dynamic model and corresponding standard deviations. Dashed line: 
stationary model truncated to the linear term, ߟ௦௧ǡଵ = 0.811 – 2.710 ܶכ. 
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different weather conditions. For example, August 2014 is the month with the less favourable weather conditions, 
which reflect in a larger spreading of points. 
The same performance stability was found also analysing single clear-sky days. Days from the three years with 
very similar irradiance profiles were selected, finding no significant differences in the measured efficiency. It is 
worth pointing out that this conclusion holds even without applying any correction to the irradiance sensor. 
On-site measurements are an important source of information to complement other ageing test methods [11]. 
Apart from the analysis presented here, more detailed approaches for the assessment of performance decay could be 
devised, as done for the PV sector [12]. 
4. Conclusions 
From the data presented in the paper, it is possible to deduce a good agreement between the measured and the 
nominal performances. This is clearly seen when restricting the analysis to the data corresponding to the most stable 
conditions (hydraulic pump operating at full power, constant flow rate). On the other hand, when including all the 
data, it is possible to see that the transient effects give rise to a non-negligible reduction of the efficiency. For 
example, for values of the reduced temperature typically found at peak conditions (i.e., for ܶכ between 0.05 and 
0.06), the bin average of the efficiency is about 60 % when neglecting transient phases, while it is about 54 % 
otherwise, with a lowering of about 6 % (absolute). 
The above analysis is valid for summer conditions and was obtained applying a correction to the measured 
irradiance. Due to the made assumptions, it is recommended to assume an uncertainty of the order of 10 % for solar 
irradiance and hence for efficiency. This puts in evidence the importance of properly checking the monitoring 
system. 
Concerning the medium-term behaviour of the collectors, data from three consecutive summers were compared. 
Performance stability was confirmed during these three years, with no significant deviation in the measured 
efficiency. It is worth pointing out that the latter analysis is more independent of the sensor correction than the 
previous one. Indeed, also comparing data without applying any correction to the irradiance, the same stability was 
observed, proving the reliability of this result. 
 
Fig. 5. Left panel: bin method analysis applied to the data of July 2014 without filtering (10 minutes averages). The same symbols of Fig. 4 
are used. Right panel: distribution of efficiency points for a restricted interval of reduced temperature, ܶכ = 0.05-0.08. It is possible to 
recognize a bimodal distribution, with a lower peak around ߟ = 0.15 and a higher peak around ߟ = 0.6. The height of the peaks corresponds 
to the point density and hence to the amount of time where the system exhibits the given performance. 
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